The Colombian nickeliferous laterites are minerals used for the nickel extraction by hydrometallurgical and pyrometallurgical processes. In this work the thermodynamic behaviour of three Colombian lateritic mineral samples are described, with contents of 1.42%, 1.78% y 2.04% of nickel, when they are subjected to the calcination and reduction processes. The mineral was characterized using X Rays Diffraction and X Rays Fluorescence, giving evidence of the presence of mineralogical species such as nepouite (Ni 3 Si 2 O 5 (OH) 4 ), goethite (Fe 2 O 3 .H 2 O), silica (SiO 2 ), antigorite (Mg 3 Si 2 O 5 (OH) 4 ) and fosferite (Mg 2 SiO 4 ). The thermodynamic analysis was conducted using the software HSC Chemistry for Windows 5.1 and was focused in the quantitative determination of the chemical evolution of the mixture of these minerals with variable quantities of coal, in function of temperature. The results produced by the program showed, in the equilibrium, the feasibility of complete reduction of the nickel, and additionally, a considerable high percentage of reduction of iron oxides (up to 99%) using ratio C/O ≈1 at temperatures close to 1100 °C. 
INTRODUCTION
Nickel is a strategic metal used in metallurgical industry as raw material in the production of stainless steel. Countries like New Caledonia, Japan, Russia, USA, Brazil, Greece, Cuba, Indonesia, Phillipines, Dominican Republic, Australia, Guatemala, Co lombia, Yugoslavia, Venezuela and China have operations for the nickel extraction through pyrometallurgical route and hydrometallurgical route based on laterites of nickel (Dalvi et al., 2004) . Laterites are the result of the land degradation promoted by climate changes and humidity exposition, among other geological factors (Rodríguez et al., 2009) , in general the nickel content increases as increases the depth of deposit (Girgin et al., 2011) . They can be classified in limonites or saprolites, based on the iron and magnesium ( Li, 1999; Dalvi et al., 2004; Oxley and Barcza, 2013 ) content and they are treated in a different ways, either by pyrometallurgical or hydrometallurgical processes. The most superficial layer and the base of the deposits have the lowest nickel contents (<0.8%), the first layer is mainly composed by hematite and the second one, the deposit base, corresponds to the rock weathering. The zones of limonites and saprolites and their transition are the ones which show greater potential for the nickel extraction due to their metallic content, lower than 1.5% of Ni, for limonites and higher to 1.5% in saprolites (Girgin et al., 2011) .
Some lateritic nickel minerals which have a high content of magnesium shall be previously dehydrated, by pyrometallurgical route (Huang and Lv, 2011) . One of the pyrometallurgical processes for the ferronickel production is the process Rotary Kiln-Electric Furnace (RKEF) (Rao et al., 2013) . This processing route combines the calcination and the partial reduction of the iron and nickel oxides in a rotatory furnace, which product called calcine is then transformed in an arc electric furnace, the prevalent conditions in this reactor promote the reduction and fusion, getting a separated Fe-Ni alloy from the liquid slag.
The thermodynamic behavior of the nickeliferous laterites with low contents, carried to a pyrometallurgical process has been studied. There are works such as the of Pickles et al., (2013) , they making a thermodynamic analysis based on the system Fe-Ni-Co-Mg-Si-O-H-S-C-Cl in order to establish the effect of variables such as the temperature, sulphur and coal quantity, as well as chlorine additions for the nickel recovery (Pickles et al., 2013) .
The nickel solubility is controlled by the thermodynamic activity of the slags, which has a great importance in the pyrometallurgy of nickel. The introduction of new processes and the trend towards the production of high-grade plants nickel industry, has been directed to increase the separation of the metal and slag during the melting phase (Ramírez, et al., 2008) , this means an effective separation. Starting from the present species, the most important reactions were analyzed in the process, the temperature was increased up to 1100 °C, for calcination and reduction processes. A closed system was established where the reduction atmosphere is self-generated due to the action of the thermal degradation of the added coal. The effect of the initial proportion of coal on the composition to the equilibrium of the resulting system was quantitatively determined, inferring proportionality with the reduction percentages of the relevant metals in the mineral.
As a starting point, Ellingham diagrams were made, in the range of characteristic temperatures the RKEF process, in order to evaluate the stability of the present species. Additionally the relevant transformations of the reaction heat were determined, such as the dehydration of the goethite to produce hematite and the reduction of the iron and nickel oxides.
EXPERIMENTAL PROCEDURE

Characterization of minerals
The species present in the nickel laterite minerals were identified and determined semi-quantitatively by Fluorescence Rays X (FRX) using a Philips PW 1404 X-Ray Spectrometer. It was also used an X Rays Philips PW 1729.
Thermodynamic Simulation
The thermodynamic analysis of the reduction process of the nickel lateritic minerals mixed with coal was conducted using the "Equilibrium compositions" module, which it is useful to calculate, in this study in particular, the evolution of the composition to the system equilibrium based on the variation of the coal concentration and temperature. The algorithm of calculation implemented in this option of the software is based on the free Gibbs energy minimization method.
The program entry data are the proportions of the system initial components, the species which potentially may occur and the size value and steps number of the independent variable, in this case a) coal proportion or b) temperature, for the ones which shall be calculated in a discrete way, the system concentrations in equilibrium.
The thermodynamic analysis was conducted having into account the following considerations:
-The proportion of the initial components corresponds to the initial composition of the minerals. -It is assumed that is a system closed to the atmosphere -It is assumed that the added coal is pure, therefore, it is related as carbon -Granulometry is not had account , because it has kinetic and non-thermodynamical implications
The different systems analyzed consist on a mixture of laterite of nickel with coal, this last one is a component in the range from 3.75 to 7.59% in weight, such range of coal concentrations corresponds to a C/O relation in the range of 0.66 to 1, the oxygen was considered as the one contained in the iron and nickel oxides. Due to the temperature effect the metallic oxides become more unstable than the carbon oxides, resulting in the Ni and Fe reduction while carbon monoxide and carbon dioxide is generated.
C/O is the ratio of added carbon related to oxygen that to be reduced. Ratio C/O was worked stoichiometrically. For instance, sample 1 contain 5.42 g of oxygen in the NiO and Fe 2 O 3 , therefore, it added 5.42 g of carbon in order to stablish a ratio C/O=1.
A first approximation of the behavior expected from the system under study is obtained from the making of Ellingham diagrams (ΔG vs T), and also using the mentioned software.
RESULTS AND DISCUSSION
Characterization
Content of Ni, Fe, MgO, SiO 2 , Al 2 O 3 and water in each sample was determined through the FRX elemental analysis technique. The results are shown in the Table 1 where is stressed the special importance of the Ni content which fluctuates between 1.4 and 2.0%.
The XRD spectra gives evidence that the three lateritic mineral samples contain magnesium silicates in form of nepouite (Ni 3 Si 2 O 5 (OH) 4 ) and iron in form of goethite (Fe 2 O 3 .H 2 O), and they present silica contents as quartz (SiO 2 ), antigorite (Mg 3 Si 2 O 5 (OH) 4 ), fosferite (Mg 2 SiO 4 ), among others. Nickel is associated to the structure in form of silicates. These results are presented in Fig. 1 (a, b and c) , which correspond to each one of the samples.
Thermodynamic analysis
As a part of the thermodynamic analysis, Ellingham diagrams (ΔG vs T) of the relevant mineralogical species contained in the studied samples were made. These kinds of diagrams show the stability ranges and thermodynamic instability of the species represented and eventually, it constitutes an indicator of the system behavior in terms of feasibility of the development of calcination and reduction reactions of the components of the studied mixtures.
The Ellingham diagram is shown in Fig. 2 , it is a representation of the calcination process of the species present in the nickel lateritic minerals, it is observed the stability of some compounds which contain nickel, magnesium and silicon in form of hydrated silicates and on the other hand, the dehydration process of goethite is found, being transformed into hematite starting at 84 °C. The reaction and energy associated to the change proceed as follows (Eq. (1) (1)
The heat of formation shows that the transforming reaction of goethite to hematite is an endothermic reaction. It is important to emphasize that the calcination process is an operation which breaks down the complex mineralogical species into simple oxides with a homogeneous nature and susceptible to be reduced.
Additionally, it is observed that at 430 °C the decomposition reaction of the goethite through carbon is feasible with the CO 2 (g) generation as a stable product, presenting a ΔG= −0.395 kJ mol −1
In the Fig. 2 , it is evident the goethite instability in the presence of carbon above this temperature. At a temperature of 1140 °C, the goethite in the presence of carbon monoxide becomes unstable, resulting in a ΔG= −0.234 kJ mol −1 . Also, in the Fig. 2 have taken into account the mineralogical species present in the mineral, therefore, the variation of Gibbs free energy is minimum. With the species identified in the mineral it is not possible carry out the reduction process, therefore, the calcination process is very important for homogenize the chemical composition.
The reduction reactions of iron and nickel oxides are favored when these are dissociated as decomposition product of the hydrated silicates through calcination previous to the reduction. The aluminum, silicon and magnesium oxides remain stables in the fusion process giving origin to the slag. In Fig. 3 an Ellingham diagram for a sample basically constituted by oxides formed in the calcination stage is shown. Reactions that predominate in this process are shown as follows (Eqs. 2, 3, 4 and 5): For FeO is obtained a ΔG= −0.199 kJ mol −1 at 720 °C, approximately. As mentioned above, it can be conclude that the nickel oxide is more easily reducible than the iron oxide, and in addition, this last one should pass through three important reduction stages in the treatment of lateritic minerals.
Figures 2 and 3 are referred to the change in Gibbs free energy when the temperature increases. In Fig. 2 is shown mineralogical species present in samples of lateritic nickel ores to be worked. These species effectively, without a significant change of free energy, when in contact with gases such as CO and CO 2 . Also, in Fig. 2 , it's important to note a calcination process to break the balance of the species shown in the diagram Ellingham Additionally, is shown the transformation of goethite to hematite in the presence of heat. In Fig. 3 , is shown the variation in Gibbs free energy with increasing temperature, involving oxides obtained during calcination. Oxides are added carbon. The formation of CO and CO 2 is observed. The reactions of iron oxide and nickel oxide reduction are noted. Additional oxides like aluminium oxide, silicon oxide, and magnesium oxide do not have changes at temperatures of 1100 °C. For this reason, it is noted the reactions that involving the nickel oxide, iron oxide and the reactions of the CO and CO 2 formation.
Effect in the variation of added carbon
In the rotary kiln process, in a general way, 5% of coal is added to the mineral charge, with the purpose to produce reduction reactions of the nickel and iron oxides. In the literature Tanaka et al., (2011) give mention about the good behavior of iron minerals which are reduced when a ratio C/O=1 is used. Based on this reference, the current thermodynamic analysis considers mixtures of lateritic mineral with variable proportions of carbon (3.75-7.59%) which are equivalent in the C/O relation within the interval of 0.66 to 1.0, such conditions and its effect on a reduction efficiency of the Ni and Fe oxides are listed below in the Table 2 .
Content of iron and nickel in form of oxide is very important for the processing of these types of minerals. From the thermodynamic analysis of the three samples was observed:
For samples M1 and M2 a reduction percentage around 98% was obtained for the iron. These samples shown contents of iron of 11.40 and 13.78% and nickel of 2.04 and 1.78%, with a C/O ratio=0.92 and 0.78, respectively. Sample M3 had an iron reduction of 86.9% with an initial iron content of 16.8% and nickel of 1.42%, with the adding of 5% of coal with a C/O=0.66 ratio.
When the three samples with a ratio C/O=1 were affected, the reduction of the three samples was 99%. For the sample M1, the nickel reduction was 99.5% and for the other samples was 100%.
Variation in ratio of C/O for each one of the samples is illustrated in Fig. 4 . The C/O=1 ratio produced good results in the iron and nickel oxides reduction. This ratio becomes an important variable, which shall be taken into account in the pyrometallurgical processes of nickeliferous lateritic minerals.
Evolution of the equilibrium reactions based on temperature
In order to evaluate the iron and nickel oxides behavior under reduction conditions, diagrams of equilibrium compositions were made for each sample, based on the temperature within a range of 25 to 1100 °C and with a ratio C/O=1. Evidence was given about the feasibility of obtaining metallic iron and nickel with a variable reduction rate based on the temperature.
In Fig. 5 is shown the diagram of equilibrium compositions, this figure shows the evolution of the feasible species based on the temperature. Complete reduction stages of the iron oxides are observed up to the obtaining metallic iron. Additionally, the behavior of the nickel oxide reduction is observed up to the metallic Ni at an approximately temperature of 430 °C. It is important to indicate that the feed Ni as oxide is reduced completely, which corroborates the reduction percentages obtained with the C/O=1 ratio. For this ratio C/O=1, 5.42% of carbon was fed. In Fig. 5 there is also evidence of the presence of residual carbon which corresponds to 25% of the charge fed, however, it is assumed that this residual carbon percentage does not affect the fusion process nor the product obtained in the arc electric furnace, because in this treatment coke is added for the arc formation and the total iron reduction.
The three samples of iron and nickel reduction data were obtained varying the added coal quantity. This addition was performed at a constant temperature of 1100 °C. In Table 3 it is observed the variation of the added carbon percentage from 5% and up to 10%, highlighting that the sample 3 has an iron reduction percentage below 90% with an addition of the 5% of carbon. This confirms that it is important to have an excess of carbon which guarantees the carbon monoxide formation and the Boudouard reaction occurs. This is presented in Fig. 5 at 1000 °C. Additionally for calcination-reduction process it is corroborated, that it is an adequate temperature and that the carbon additions made to the three samples were satisfactory for the iron and nickel oxides reduction.
In the reduction processes of the iron minerals must take into account the Boudouard reaction (Eq. (6)):
2CO (g), ΔG 700 °C= −0.015 kJ (6) This reaction take place at 700 °C with ΔG 700 °C= −0.015 kJ which means that the excess of carbon present in the reducer atmosphere and the combination with the CO 2 , produced during the coal pyrolysis process, where generated CO at 700 °C and where the increases temperature, is factible the formation and chemical stability of this compound.
The carbon excess is stoichiometric, and it is the necessary for take place the Boudouard reaction, this is obtained with the relation C/O=1. Figure 6 illustrates the behavior of the lateritic minerals in a general way at 1100 °C, varying the carbon additions given in percentage in weight with a calculation base of 100 kg in the mixture, highlighting that the iron oxide reduction stages occur starting from hematite and obtaining preponderantly metallic iron. It is also observed that the nickel is reduced completely, with a 100% of its recovery. Figure 6 gives evidence of feasibility of the iron and nickel oxides reduction for the treatment of lateritic minerals by pyrometallurgical route with nickel contents below 2%.
CONCLUSIONS
-A thermodynamic analysis of the reduction of three samples of Colombian nickeliferous lateritic minerals was conducted with nickel contents of 2.04%, 1.78% and 1.42%. A variation was made in the carbon addition from 3.75 to 7.59%, in order to observe the behavior in the reduction process of the nickel and iron oxides, up to get a C/O=1 ratio. This ratio showed the best results with a 99% of reduction of the iron oxides and 100% of nickel at a temperature of 1100 °C. -With this thermodynamic analysis is possible to conclude that the Colombian nickeliferous laterites with percentages below 2% can be processed by pyrometallurgical routes guaranteeing a high nickel recovery in the first stage before obtaining ferro-nickel, alloy used as raw material in the stainless steel industry. It is assumed that the residual carbon does not affect the fusion process in the arc electric furnace. . Evolution of equilibrium composition in a lateritic mineral sample with the addition of variable quantities of carbon.
